Abstract: Radical-substituted radical cation salts are exotic species that are potentially applicable as spin building blocks for molecular magnets. We recently found that these species, which are derived from a diphenyldihydrophenazine (DPP) framework, are stable under aerated conditions at room temperature. Of these species, nitronyl nitroxide (NN • )-substituted DPP •+ tetrachloroferrate (NNDPP ••+ ؒFeCl 4 -) showed antiferromagnetic interaction at low temperature (<150 K), whereas the tetrabromoferrate salt NNDPP ••+ ؒFeBr 4 -exhibited a magnetic phase transition at 6.7 K to produce a bulk ferrimagnet. Both salts had very similar molecular structures. The difference in the magnetic properties was ascribed to the difference in molecular packing structures. A significant difference in these two salts was observed at the (NNDPP 
INTRODUCTION
Radical-substituted radical cations are attractive spin building blocks for organic-based magnets. Yamaguchi and co-workers theoretically explored these species and proposed the possibility of ferroand ferrimagnets based on radical-substituted charge-transfer (CT) salts [1] . The proposed system involves the following two unique magnetic interactions, J intra : intramolecular magnetic interaction between radical and radical ions, and J interCT : intermolecular CT-type magnetic interaction. Although various experimental studies on aniline-[2], ferrocene- [3] , and tetrathiafulvalene (TTF)-type donors [2, 4, 5] with stable radicals have been carried out, the expected magnetic behavior has not been observed. These compounds frequently include a stable radical in a remote position from the radical ion center; this increases chemical stability but decreases the |J intra | value. The difficulty in obtaining the expected properties for these systems may be due to small |J intra | compared to large |J interCT | (J interCT = -100 to -1000 for typical CT complexes) [6] . Assuming |J interCT | >> |J intra |, the system may behave like radical-substituted diamagnetic CT salts showing paramagnetic behavior as has been observed in some cases [2a,5b] .
Recently, two types of radical-substituted radical cations showing interesting spintronics behavior have been reported, a diphenyldihydrophenazine (DPP)-based system that we reported on previously [7] and benzo-TTF and its selena analogs-based system reported by Sugawara and co-workers [8] . The former exhibits phase transition with FeBr 4 -salt (three-spin system) to a 3D-type ferrimagnet at T c = 6.7 K, whereas the latter reveals a negative magnetoresistance at low temperature (<20 K). This paper summarizes the development of the radical-substituted DPP •+ system, which constitutes the first experimental demonstration of the Yamaguchi model [1] . As shown later, we prepared two types of nitronyl nitroxide (NN • )-substituted DPP •+ tetrahaloferrate salts (FeCl 4 -and FeBr 4 -) with similar molecular structures. However, the magnetic properties of these salts are very different; the FeCl 4 -salt shows antiferromagnetic interaction without phase transition at low temperature (2-150 K), whereas FeBr 4 -salt shows phase transition at T c = 6.7 K into a bulk ferrimagnet. The difference is attributed to the molecular packing structures of these salts. These two salts provide textbook examples of how a small difference in molecular packing structures influences the bulk magnetic properties.
EXCHANGE INTERACTION IN NNDPP ••+
The 5,10-diphenyl-5,10-dihyrophenazine radical cation (DPP •+ ) has large positive spin densities for the nitrogen and C2 carbon atoms [UB3LYP/6-31G(d)]. Therefore, the introduction of NN • on the C2 carbon atom provides a high-spin system through the spin polarization mechanism (Chart 1). This is exemplified for the diamagnetic anion salt NNDPP ••+ ؒClO 4 - [7b] . The χ p T values in the 150-300 K region are almost 1.0 emu K mol -1 and gradually decrease below 50 K. This indicates the presence of a large positive J intra (>300 K) between NN • and DPP •+ . This large ferromagnetic interaction provides an almost 100 % population for the triplet (S = 1) state (g = 2.004 by EPR) at room temperature. Simulations of the χ p T-T curve using the spin Hamiltonian [H = -2J intra (S NN1 ؒS DPP1 + S NN2 ؒS DPP2 ) -2J inter S DPP1 ؒS DPP2 ], which is based on the crystal structure, allows the rough estimation of J intra /k B ≥ +700 K and J inter /k B~ -18 K in accordance with the theoretical calculation (J intra /k B = +987 K). The large J intra value ensures that NNDPP ••+ is a promising species for the Yamaguchi model. The J inter value is strongly dependent on the crystal packing structure and should vary with incorporated magnetic anions.
A similar χ p T-T behavior was also observed for a different radical source derivative, the 2-(2,4-diphenyl-3-oxoverdazyl) (Vz • )-substituted DPP radical cation VzDPP ••+ [9] . These radical substituted radical cations are characterized by a strongly ferromagnetic intramolecular magnetic interaction between the stable radical and DPP •+ spins. 
NNDPP ••+ ؒFeCl 4 -: ANTIFERROMAGNETIC INTERACTION
Introducing the third spin as a counter anion provides a unique three-spin system. We prepared NNDPP ••+ ؒFeCl 4 -and NNDPP ••+ ؒFeBr 4 -salts (S Fe(III) = 5/2). The former shows antiferromagnetic inter action at low temperature (<150 K), whereas the latter exhibits phase transition at T c = 6.7 K into a ferrimagnet. The molecular structures of both salts are quite similar. The difference in magnetic behavior is ascribed to the molecular packing structures. Figure 1 shows the molecular packing structure of NNDPP ••+ ؒFeCl 4 -. The crystallographic parameters are summarized in Table 1 Radical-substituted radical cation salts 1027 The temperature dependence of χ p T is shown in Fig. 2a . The χ p T value at room temperature is 5.32 emu K mol -1 , which is close to the theoretical value (5.44 emu K mol -1 assuming g = 2.0157 from powder EPR) of the magnetically non-interacting NNDPP The diamagnetic GaCl 4 -salt is well known to have a quite similar molecular packing structure to the FeCl 4 -salt [10] . We also studied the crystal structure and magnetic interaction of NNDPP ••+ ؒGaCl 4 -to extract only the antiferromagnetic interaction between the organic moieties NNDPP ••+ s. The crystal of GaCl 4 -salt belongs to the same space group (P2 1 /a) and has very similar crystallographic parameters (Table 1 ). The molecular structure and molecular packing structure are very similar; the intermolecular short contacts are at Cl-C (3.27-3.46 Å), Cl-HC (2.81 Å), O-HC (2.61 and 2.68 Å), and O-O (3.02 Å) with a dihedral angle of 8.1º between the N-C=N plane and the benzo ring attached to the NN • group. The χ p T-T plots of the GaCl 4 -salt are shown in Fig. 2b . The χ p T value at room temperature is 1.0 emu K mol -1 , in accordance with the S = 1 (assuming g = 2.0071 from powder EPR) state at room temperature. The temperature dependence was simulated by the dimer model (H = -2JS S=1 ؒS S=1 solid line in Fig. 2b) . The antiferromagnetic interaction due to the O-O contact is estimated to be J = -3.4 K. By comparing the χ p T(T) curves between GaCl 4 -and FeCl 4 -salts, we note that the χ p T value for the FeCl 4 -salt starts to decrease at a higher temperature region (ca. <150 K) by lowering temperatures. This implies that the antiferromagnetic interaction in the FeCl 4 -salts can be ascribed to both O-O contacts and Cl-C contacts. , Vol. 82, No. 4, pp. 1025 -1032 , 2010 Radical-substituted radical cation salts 1029 The smaller M R value compared to the M S value is due to the magnetocrystalline anisotropy, which is frequently observed in ferrimagnetic molecular systems [12] .
The temperature dependence of heat capacities for NNDPP ••+ ؒFeBr 4 -was also measured. The phase-transition temperature was determined from the sharp peak of the magnetic heat capacities (T). The magnetic entropy at the zero magnetic field was evaluated to be 23.8 J K -1 mol -1 . This value agrees well with the expected value for a spin system composed of S = 1 (NNDPP ••+ ) and S = 5/2 (Fe(III)), Rln(3 × 6) = 24.0 J K -1 mol -1 [7a] . -showed antiferromagnetic interaction at low temperature (<150 K), whereas NNDPP ••+ ؒFeBr 4 -underwent magnetic phase transition at T c = 6.7 K into a ferrimagnet. These two salts have similar molecular structures. Intermolecular short contacts were analyzed in detail. The most striking difference in these salts was found to be in arrangement of the nearest neighboring NNDPP ••+ s; specifically, the antiferromagnetic O-O contact was observed in NNDPP ••+ ؒFeCl 4 -, whereas the ferromagnetic double O-HC contacts were observed in NNDPP ••+ ؒFeBr 4 -. Because of subtle differences in the sizes and positions of the FeCl 4 -and FeBr 4 -anions, the relative orientation of NNDPP ••+ s changes. The overall change in packing structure should be reflected in the lattice parameters. The differences in the unit cell lengths a and c are small (<3.5 %). However, for the FeBr 4 -salt, the unit cell length b and angle β are longer and larger, respectively, by ~10 %. Such a deformation would facilitate the ferromagnetic O-HC contact.
